The first-principles calculations of the electronic structures and the interband optical conductivity (OC) spectra have been performed for the stoichiometric Fe 2 MnGa alloy with L2 1 and L1 2 types of atomic ordering. The calculated optical properties of Fe 2 MnGa alloy for the L2 1 and L1 2 phases are complemented by the experimental OC spectra for bulk and thin film Fe-Mn-Ga alloy samples near the stoichiometry 2:1:1 with L2 1 and L1 2 (for bulks) as well as the body-centered-cubic and face-centeredcubic (for films) structures, respectively. A reasonable agreement between experimental and calculated interband OC spectra was obtained for both phases of the alloy. The experimental data show no significant difference in the OC spectra with respect to the degrees of atomic and magnetic orders of the samples.
Introduction
Heusler alloys (HA) attract much attention due to emergent new physical properties and applications (martensitic transformations, half-metallicity, metamagnetic transformations etc.) resulting from their specific electronic structures [1] .
Among various experimental tools for studying the electronic structures of metals the optical spectroscopy (namely, spectroscopic ellipsometry) has a great advantage in comparison with other methods which provide information on the band structure [2] . Specifically, optical spectroscopy is regarded as a method that manifests a high energy resolution of ∼ 0.01 eV within a 5 -6 eV energy range near the Fermi level (E F ). On the other hand, among various optical parameters of metals, interband optical conductivity (IBOC) is the most sensitive one which shows the intensity and frequency dependence of the light-induced electron excitations from the occupied to unoccupied bands [3] .
However, the interpretation of the experimental results is usually difficult since optical data depend over all possible transitions in the Brillouin zone (BZ) where an initial and final states for electron excitations are not known. On the other hand, a comparison of experimental IBOC spectra with the calculated from the first-principles opens some perspectives for a correct interpretation of experimental results if certain transitions are sufficiently strong.
Optical properties of Ni, Co, and Fe based HA have been widely investigated theoretically and experimentally [2, 4, 5, 6, 7, 8] . The most comprehensive experimental study of various bulk HAs has been carried out by Shreder et al. [9, 10, 11, 12, 13, 14] . However, only a few publications have been focused on the study of the effect of structural transformations in HA on their optical properties and hence the electronic structure. Han et al. have shown significant influence of the alloy symmetry on the electronic structure and magnetic characteristics of the Sc-based HA with XA and L2 1 types of structure [15] . Furthermore, Wan et al. have indicated that the calculated IBOC spectra in a Ni 2 MnGa alloy show a noticeable structural dependence [7] . On the contrary, Svyazhin et al. have experimentally shown that atomic disorder in bulk Co 2 CrAl HA has no impact on its optical properties [14] .
Fe 2 MnGa is an interesting example of HA with much richer structural and magnetic properties than Ni 2 MnGa and a large ferromagnetic-shape-memory performance for slightly off-stoichiometric compositions [16] . Due to structural instability, Fe-Mn-Ga bulk HA near the 2:1:1 stoichiometric composition may crystallize in distinct crystalline phases: L1 2 or/and face-centered cubic (FCC), L2 1 or/and body-centered cubic (BCC), mixed BCC+FCC or tetragonal structures with different types of magnetic order [16, 17, 18, 19] .
The transformations in Fe-Mn-Ga are accompanied by significant changes in their magnetic and transport properties [16, 17, 19] . Such effects give reason to believe that an electronic band structure also experiences substantial modifications and hence has an impact on the optical properties of the alloys.
On the other hand, thin films of the corresponding Fe-Mn-Ga alloys are usually less ordered than the bulk samples and have a much smaller grain size. Therefore, a comparison of the optical properties of bulk and film Fe-Mn-Ga alloy samples with distinct structural ordering and distinct microstructure may, to a certain extent, assist the verification of the relevance of the first-principle calculations of the optical properties for the systems showing structural instability.
Here we show the results of first-principles calculations of the electronic structures and some physical properties of stoichiometric Fe 2 MnGa alloy with L2 1 and L1 2 types of atomic order. The calculated optical properties were compared with experimental results obtained for bulk and film samples with different types of atomic and magnetic orders.
Calculation and experimental details
The electronic structures and the IBOC spectra of the Fe 2 MnGa HA for ordered L2 1 (225 space group) and L1 2 (123 space group) types of structure, as well as different types of the magnetic order, were calculated by using the same approach as in our previous article [20] . The muffin-tin radii R M T were determined in a way to minimize inter-sphere volume for the L2 1 and L1 2 types of structure with a smallest their unit-cell volumes. For both types of the structure R M T were equal to R
For wave-function approximation of 3d-electrons for all the atoms APW + l 0 were used. For the wave-functions of other valent electrons, LAPW basis was employed. To calculate the partial waves inside MT-spheres maximal orbital quantum numbers equal to l=10 and l=4 were used. The density plane-wave cutoff was R M T K max = 7.0. Self-consistency in calculations of the Fe 2 MnGa alloy IBOC spectra was obtained using 4531 k-points in the irreducible BZ.
Two bulk polycrystalline Fe 2 MnGa alloys of different composition near the stoichiometry 2:1:1 were prepared and characterized similarly to [19, 20] . In addition to bulk samples a set of Fe-Mn-Ga alloy fine-crystalline films near the stoichiometric composition of about 50 -100 nm in thickness was prepared by using DC magnetron sputtering onto glass and NaCl substrates kept at room temperature (RT). Table 1 presents information on the composition and the structure of fabricated bulk and thin film Fe-Mn-Ga alloy samples.
Bulk samples for the optical measurements of about 10 × 20 × 2 mm 3 in size were cut from ingots employing spark erosion technique followed by mechanical polishing with diamond pasts. To avoid surface contaminations induced by mechanical polishing bulk samples before optical measurements were annealed in a high-vacuum condition at T ann =723 K for 150 min. Frequency dependence of the optical conductivity (OC) σ(hω) was measured by using a spectroscopic rotating-analyzer ellipsometer in a spectral range of 330 -2500 nm (3.75 -0.5 eV) at a fixed incidence angle of 73
• . The optical properties of bulk Fe-Mn-Ga HA samples were measured at different temperatures, which provide different types of magnetic ordering. Magnetic properties of bulk and film samples were investigated by measuring at RT magnetization hysteresis loops employing a vibrating 
Results and discussion
It was found that L2 1 and L1 2 types of the structure with ferrimagnetic (FI) and ferromagnetic (FM) types of magnetic order, respectively, are most favorable because of the lowest total electron energy among other types of structure and magnetic orders [19] . As it is shown in Fig. 1 , the calculated the density of electronic states (DOS) N(E) for these states are noticeably different. Unlike the case of the L1 2 type of order, N(E) for the Fe 2 MnGa alloy with the L2 1 type of atomic order exhibit pseudo gaps near the Fermi level both for the majority and minority spins. Because of a significant difference in N(E) for L2 1 and L1 2 structures of the Fe 2 MnGa alloy, one should expect the corresponding effect on their (calculated) optical properties. Resulting IBOC spectra in metals are formed by additive contributions from electron excitations in the majority and minority electron subbands. IBOC for selected spin bands can be given as:
wherehω is the incident photon energy, P is the momentum operator,h i ∂ ∂x ′ , |kn is the eigenfunction with eigenvalue E nk , f (kn) is the Fermi distribution function.
The calculated resulting and spin-resolved IBOC spectra for stoichiometric perfectly ordered Fe 2 MnGa HA with L2 1 and L1 2 types of structure are shown in Figs. 2, 3 and 5. The resulting IBOC spectrum for the L2 1 structure is characterized by the dominant absorption peak athω ≈ 2 eV with less intense peculiarities (absorption peaks) on its low-and high-energy slopes. Forhω ≥ 4 eV energy range σ(hω) for the L2 1 phase insignificantly increases with photon energy (see Fig. 2 ). The calculated IBOC spectrum for the L1 2 structure of Fe 2 MnGa HA exhibits a set of less pronounced absorption peaks located athω ≈ 1.0, 2.15 and 2.85 eV, forming together at 0 <hω < 3 energy range wide absorption band. However, its intensity is somewhat smaller than that for the L2 1 phase (see Fig. 2 ). It should be noted here that the intraband contribution to the calculated OC spectra of Fe 2 MnGa alloy was not taken into account. Figure 3 shows spin-resolved IBOC spectra of the L2 1 phase and partial contributions formed by electron excitations from various occupied bands. It is seen that the most intense absorption peak athω ≈ 2 eV results from electron excitations from the minority 23 rd , 24 th , 25 th and 26 th bands. Electron excitations from other occupied minority bands produce a double peak athω ≈ 3.5 eV located on the energy independent plateau of the σ(hω) spectrum for the energy range ofhω > 3.0 eV. At the same time, electron excitations originated from the 28 th , 27 th , 26 th and 25 th majority bands produce a set of narrow and intense IBOC peaks in the near infra-red energy range whose intensities decrease with the photon energy. Figure 4 presents spin-resolved energy band structures and element resolved DOS for stoichiometric Fe 2 MnGa alloy with the L2 1 type of atomic order. The bands involved in the aforementioned excitations as initial are marked by thick color lines. Vertical arrows with corresponding color show possible most intensive electron excitations which form partial IBOC peaks.
It is seen that the most partial interband contributions to the resulting IBOC spectrum from the definite bands are smeared over a wide energy range (several eV). Among them, the peak athω ≈ 0.5 eV originating from the 28 th majority band probably is the only one with localized energy of electron excitation (see Fig. 3a ). Therefore, for this case the bands and parts of the Brillouin zone involved in this peak formation can be found with more certainity. These are the initial states the near L high symmetry point, the sates along Γ -K and Γ -X directions in the BZ located at 0.3 -0.4 eV below the Fermi level (see Fig. 4a ). Figure 4c clearly shows that these states are related to Fe and Mn atoms. Their detailed analysis allows us to conclude that they are mainly e g states of Mn and d, e g and t 2g states of Fe.
For the L1 2 phase of Fe 2 MnGa both spin subbands contribute nearly equally to the resulting IBOC spectrum formation (see Fig. 5 ). It is seen that the electron excitations initiated from 31 st , 30 th , 29 th and 28 th majority bands produce two intense peaks at hω ≈ 1 eV andhω ≈ 2 eV. Electron excitations from other majority bands produce for the 3 <hω < 6 eV energy region an energy independent plateau with a narrow and intense peak located athω ≈ 4.25 eV. Electron excitations originated from 22 nd , 23 rd and 24 th minority bands form an intense IBOC peaks athω ≈ 1.0, 2.2 and 2.8 eV. Electron excitations from other occupied minority bands produce a set of low-intense peaks for the 3 <hω < 6 eV energy region. type of atomic order. The bands involved in the aforementioned electron excitations as initial have been marked in this figure by thick color lines. Vertical arrows with the corresponding color also show possible the most intense electron excitations which form partial IBOC peaks. Thus, one can conclude that both calculated IBOC spectra for the stoichiometric Fe 2 MnGa alloy with L2 1 and L1 2 types of the structure have noticeably different and rather complicated nature but unfortunately demonstrate some visual similarity in the spectral shape. Figure 7 shows experimental XRD patterns for bulk Fe-Mn-Ga alloys together with the simulated stroke-diagrams for the stoichiometric Fe 2 MnGa alloy with the L2 1 and L1 2 structures, respectively. Superstructure reflections [(100) and (110) for Fe 49 Mn 25 Ga 26 alloy and (200) and (311) for Fe 52 Mn 18 Ga 30 alloy] in the experimental diffraction patterns definitely show on the presence of L1 2 and L2 1 types of atomic order in aforementioned bulk samples, respectively. At the same time, some presence of the second phase in these bulk alloy samples should be mentioned. But the amount of the second phase estimated roughly by the intensity ratio of the most intense reflections does not exceed several percents. The coherence length (or the mean grain size) for the bulk Fe 52 Mn 18 Ga 30 and Fe 49 Mn 25 Ga 26 alloys were evaluated by using full width at half maximum of the XRD peaks and found to be D = 37 and 60 nm, respectively. According to XRD (not shown) and TEM results all RT as-deposited Fe-Mn-Ga alloy films have fine crystalline (or even amorphous-like) structure of BCC type (i. e. disordered L2 1 ) with a mean grain size of about D ≈ 3 nm. Annealing of the Fe-Mn-Ga HA films at T = 673 K during 1 hour induces noticeable changes of the TEM patterns which indicate the formation of a fine crystalline structure with a short-range-order of FCC type (i. e. disordered L1 2 ) and somewhat larger mean grain size (D ≈ 6 nm). As an example, typical for all the investigated as-deposited and annealed Fe-Mn-Ga alloy films microdiffraction and microstructure patterns for Fe 39 Mn 25 Ga 36 alloy films are shown in Fig. 8 Fig. 9 ). Such behavior is usually attributed to metamagnetic transformation from an FM to an antiferromagnetic (AFM) state [26] . At the same time induced by annealing the transition from a BCC to an FCC type of structure in Fe-Mn-Ga alloy films causes their transition from a paramagnetic to an FM state (see Fig. 10 ). For a correct comparison of the calculated IBOC spectra with experimental σ(hω) spectra, the intraband contributions should be subtracted from the experimental OC spectra. Accurately it can be done by using the measurement results obtained in far infra-red region (λ ≥ 10 µm) where intraband (Drude) contribution dominates over the interband term. The optical properties in the intraband absorption region can be explained by Drude formula: , where ω is light frequency, ε 1 , Ω p and γ are real part of the dielectric function, plasma and effective relaxation frequencies of free charge carriers, respectively. Ω p and γ can be determined by plotting so-called Argand diagrams:
The linear part of the 1/(1-ε 1 ) dependence plotted in the ω 2 scale evidences on the dominance of the Drude absorption in the optical properties of the sample. Having Ω and γ values determined in such a way, the intraband conductivity can be calculated. Despite the fact that our optical measurements were restricted by 2.5 µm edge, the Argand diagrams for all the investigated samples in the 1.0 < λ < 2.5 µm spectral range were almost linear.
Furthermore, to simulate temperature, structurally and chemically induced imperfections of the real samples the calculated IBOC spectra were smoothed (see Fig.  2 ).
The experimental σ(hω) spectra for the bulk magnetically ordered (FI) Fe 52 Mn 18 Ga 30 HA with the L2 1 type of structure (T meas = 78 K) and the FM ordered It should be mentioned here that the experimental interband σ F I L21 (hω) spectrum corresponds in spectral shape to the smoothed calculated IBOC spectrum (see Figs. 2 and 11) and is characterized by the presence of a broad interband absorption peak located athω ≈ 1.5 eV. Abovehω ≈ 2.25 eV some growth of σ indicates an increased interband absorption in the alloy (see Fig. 11 ). Thus, a reasonable qualitative correspondence between the shapes of the calculated and experimental OC spectra for the magnetically ordered L2 1 phase of Fe-Mn-Ga alloy proves the sufficient quality of the IBOC calculations and allows us to single out the peak athω ≈ 1.5 eV as the electron excitations between aforementioned states (see Figs. 2 and 11) . At the same time, the lack of fine structures in the experimental σ(hω) spectrum which are visible on the calculated spectrum can be explained by a polycrystalline microstructure of the bulk sample.
The correspondence between the shapes of the calculated and experimental interband σ(hω) F M L12 spectra for the FM ordered Fe 2 MnGa HA with the L1 2 structure is also rather good: the experimental interband σ(hω) spectrum exhibits a less pronounced and somewhat red-shifted absorption peak in comparison with that for the L2 1 phase. Good correspondence between calculated and experimentally determined IBOC spectra for L2 1 and L1 2 phases should be mentioned (see Figs. 2, 11 and 12) .
The optical properties of bulk electrolytically polished Fe-Mn-Ga alloys were investigated earlier by Král [27] . It should be noted that all the investigated by him alloys of different compositions (and probably of different crystalline structures) demonstrate rather similar in spectral shape and absolute value OC spectra [27] .
Thin film Fe-Mn-Ga samples are usually of much worse structural quality than the corresponding bulk samples (a smaller mean grain size, lower degree of atomic order, etc.). However, the OC spectra for the Fe-Mn-Ga films with BCC (i. e. the disordered L2 1 phase) and FCC (i. e. the disordered L1 2 phase) structures look rather similar to the corresponding σ(hω) spectra of bulk samples (see Figs.11 -14) . Therefore, the L2 1 → BCC and the L1 2 → FCC types of the atomic disorder do not change significantly the electronic states responsible for main interband peaks formation. Figs. 11 and 12 ). This may be due to the so-called specific time scale of forming the electronic structure and spin fluctuations. It is known that the time needed to establish the electron energy spectrum is determined by the lifetime of the excited states defined as t es ∼h/W d ∼ 10 −15 s (where W d is the d-bandwidth). At the same time, collective electrons need much more time to create spin correlations: t sc ∼h/k B T C ≈ 10 −13 s [28] . Because of a large number of the electrons involved in spin fluctuations, t sc ≫ t es , and one-particle states have enough time to build-up in the relatively slowly changing potentials of spin fluctuations. Thus, the local electronic structure is formed in slowly fluctuating (nearly constant for electron jumps) local field. The only difference of this local electronic structure from that of obtained at T = 0 is the random orientation of quantization axis [28] .
Summary
Electronic structure [DOS, E(k), magnetic moment] and IBOC for stoichiometric Fe 2 MnGa alloy with the L2 1 and L1 2 structures have been calculated.
It was shown that the calculated IBOC spectra for these phases of Fe 2 MnGa alloy have rather complicated nature -a large number of the majority and minority bands are involved in electron excitations, which form the resulting IBOC spectra.
The optical properties of bulk Fe-Mn-Ga alloys near the stoichiometry 2:1:1 with the L2 1 and L1 2 types of structure have been experimentally measured. Correspondence in spectral shape between the experimental and calculated IBOC spectra for the L2 1 phase of Fe-Mn-Ga alloy allows us to correlate the peaks observed in the experiment with an electron excitations between corresponding electronic bands.
Structural L2 1 → L1 2 or BCC → FCC transformations in bulk and film Fe-MnGa alloy samples causes drastic changes in their magnetic properties. At the same time, magnetic transformations in bulk Fe 52 Mn 18 Ga 30 and Fe 49 Mn 25 Ga 26 alloys do not affect their IBOC spectra and hence the electronic states responsible for these spectra formation. We associate such the independence of the optical properties on the magnetic ordering of Fe-Mn-Ga alloys with the specific time scale of forming the electronic structure and spin fluctuations in alloys.
Little impact of structural ordering of Fe-Mn-Ga alloys on their optical properties suggests that the main features of the electronic structure of the alloys are mainly determined by their short-range order.
